Fourteen essential oils (EOs) from selected live germplasm of medicinal plants have been tested for their antitrypanosomal and cytotoxic activity. These plants have been domesticated and maintained under experimental cultivation. Their EOs were tested on epimastigote forms of Trypanosoma cruzi strain Y and human lung fibroblasts LC5 cell line, along with the major components of the active oils, both separately and in binary combinations. Mentha rotundifolia, Thymus zygis, T. vulgaris and Hyssopus officinalis were the most active EOs against T. cruzi. Among the main components of these EOs (1-8-cineole, thymol, p-cymene, piperitenone oxide, β-pinene, γ-terpinene, carvacrol and linalool), the most active against the parasite and less toxic to human cells was thymol. In general, the activity of the main components did not exceed that of their origin EO, and the study of the activity of these compounds in combination indicates the existence of antagonistic and synergistic effects depending on the concentration tested.
Plants have been traditionally used for treatment of diseases of different aethiology. Phytotherapy currently receiving considerable attention as an alternative to chemotherapy in the control of parasitic diseases, and natural products from plants have become a key source of new drugs in the last years [1] .
Essential oils (EOs) are produced as secondary metabolites in aromatic plants. The main components of EOs are monoterpenes, which are lipophilic molecules that have various interesting properties. They are able to go through the insect tegument, and some of them, such as eucalyptol, linalool, menthone, or limonene are used as repellents or insecticides [2, 3] . Myrtol and geromyrtol are effective in patients with acute and chronic bronchitis [4] [5] [6] . A combination of pinene, limonene and cineole has effects on mucociliary clearance in patients with chronic obstructive pulmonary [7] . Combinations of ascaridole, carvacrol, and caryophyllene oxide are actives against Leishmania parasites in vitro and in vivo [8] . Citral showed parasite-inhibiting activity on epimastigotes of Trypanosoma cruzi, and showed better activity against trypomastigotes [9] .
Trypanosoma cruzi is the aethiologic agent of Chagas disease, a public health problem in many Latin American countries. Additionally, the population emigration from South American countries to Europe and elsewhere has resulted in the presence of Chagas disease in new locations worldwide [10] . The current treatment of Chagas disease is a challenge since the only available drugs, nifurtimox and benznidazole, have severe side effects, and problems are encountered in their production and distribution [11] .
The plants selected for this study belong to genera Hyssopus, Lippia, Mentha, Thymus, Artemisia, Tanacetum and Lavandula, which have previously shown interesting activities. Lippia sp. (Verbenaceae) has been traditionally used as a remedy for gastrointestinal and respiratory problems. It also has antibacterial and insecticidal properties [12] . Hyssopus (Lamiaceae) EO is used in cooking, pharmaceutical and cosmetic industry for its antioxidant and antimicrobial properties [13] . EO and other plant components of Mentha (Lamiaceae) have antibacterial and antifungal properties, and have shown repellent activity against the Chagas´ disease vector [3] . The leaves and flowers of Thymus (Lamiaceae) have been used in traditional medicine as antimicrobials and antioxidants. Several authors described T. vulgaris EO as an effective inhibitor of T. cruzi growth [14] . The composition and biological effects of the EOs from several Artemisia (Asteraceae) species have been studied extensively, and several components of A. absinthium EO showed trypanocidal activity [11] . The genus Tanacetum (Asteraceae) has antifungal and insecticidal properties [15] . Lavandula (Lamiaceae) has insecticidal properties, and some species such as L. dentata have shown trypanocidal activity [16] .
In this work, the in vitro trypanocidal activity of fourteen medicinal plant EOs from selected domesticated germplasm have been evaluated ( tested on LC5 (human lung fibroblasts) cell line. Additionally, binary combinations of selected EO components were tested in order to identify antagonistic and/or synergistic effects.
The antitrypanosomal activity of the tested EOs is reported in Table  2 . EOs from Hyssopus officinalis, Mentha rotundifolia, Thymus vulgaris and T. zygis were the most active against T. cruzi epimastigotes, maintaining high activity (71.3%, 85.3%, 93.8% and 93.5% respectively) at 100 µg/mL. Furthermore, the EO from M. rotundifolia maintained activity levels close to 50% at 10 µg/mL. The main components of these EOs are shown in Table 3 . [3, 17] . The activity of the main compounds is shown in Table 4 . The most active compounds were thymol and β-pinene, followed by γ-terpinene and carvacrol. The first three showed activities higher 90% at a concentration of 100 µg/mL, and kept over 50% at 10 µg/mL. Carvacrol is active at 100 and 50 µg/mL. Neither linalool or 1,8-cineol have remarkable activity against T. cruzi, while p-cymene and piperitone oxide showed significant activity against the parasite at 100μg/mL. Regarding the effects on LC5 cells (Table 5) , only the highest concentration (100 µg/mL) of γ-terpinene, piperitenone oxide and p-cymene showed values close to 80% toxicity, while β-pinene and carvacrol resulted in 50% toxicity. All other products and concentrations were almost harmless to the cells, indicating a certain degree of selectivity of action against the parasite.
Thymol is a well known antifungal and antimicrobial agent. In vitro and in vivo studies showed that thymol and derivatives also had antileishmanial activity [18] . Due to their hydrophobic nature, compounds as thymol, γ-terpinene and carvacrol can alter the structural and functional integrity of the cell membrane affecting a wide range of microorganisms, including bacteria, fungi and parasites [19, 20] . Although the mechanism of antiprotozoal action of carvacrol is not well known, this compound showed good results in the growth inhibition of protozoa such as T. cruzi, T. brucei rhodesiense, Leishmania chagasi and Plasmodium falciparum. Furthermore, the methanolic extract of Lippia graveolens, containing carvacrol, inhibits the growth of Entamoeba histolytica [21] . It has been shown that β-pinene has antibacterial activity [22] and this monoterpene was present in various essential oils with leishmanicidal activity [23] . Furthermore, γ-terpinene was involved in the growth inhibition of Trypanosoma evansi, Escherichia coli or Streptococcus pyogenes [20, 24] . Mixtures are assayed at concentrations of 100 and 10 µg/mL containing 50% of each compound (50+50 and 5+5 µg/mL respectively). Data designated as "activity expected" derive from the sum of the activity obtained separately by the compounds of the mixture at the concentration present in the mixture (see Table 4 ). To test for compound interactions, the activity of mixtures of the major EO components in binary combinations were evaluated (Table 6 ). Mixtures were assayed at final concentrations of 100 and 10 µg/mL containing 50% of each compound. For comparison purposes, the expected activity was calculated as the sum of the activities obtained separately by the compounds of the mixture at the concentration present in the mixture. Nine of the binary combinations tested at 100 µg/mL resulted antagonistic, while at a concentration of 10 µg/mL seven combinations were synergistic. Among the antagonistic combinations, six included cineole and five terpinene, and among the synergistic, four included carvacrol and four terpinene (Table 6 ). The synergistic effect of carvacrol is supported by previous studies where this monoterpene increased the leishmanicidal activity of ascaridole [8] and the antibacterial properties of thymol [26] . Furthermore, the ability of carvacrol to exert synergistic effects in combination with a number of antibiotics, including macrolides, has been recently reported [27, 28] . Components present in low concentrations can act as synergists to improve the efficiency of the main constituents of the EO through a variety of mechanisms [29] .
In summary, among fourteen EOs obtained from selected medicinal plants, Mentha rotundifolia, Thymus zygis, T. vulgaris and Hyssopus officinalis were the most active against T. cruzi. Among their main components (1-8-cineole, thymol, p-cymene, piperitenone oxide, β-pinene, γ-terpinene, carvacrol and linalool), the most active against the parasite and less toxic to human cells was thymol. The study of the activity of these compounds in combination indicates the existence of antagonistic and / or synergistic effects depending on the concentration tested.
Experimental
Plant material and cultivation: The plants come from Spanish native flora and/or experimental crops of the Research Center and Food Technology (CITA-Aragón, Spain). A series of aromatic plant species experimentally cultivated because of their medicinal and/or condiment value [30, 31] were selected to test for the evaluation of antitrypanosomal activity (Table 1) . Aerial parts of these plants were collected at the flowering stage. Essential oils were obtained in the laboratory by Clevenger hydrodistillation (European Pharmacopoeia). A detailed description of the field and the cultivation parameters, the plant material processing and essential oil extraction has been reported [30, 31] .
EOs analysis and pure compounds: The essential oils were analyzed by gas chromatography mass spectrometry (GC-MS) using a Shimadzu GC-2010 gas chromatograph coupled to a Shimadzu GCMS-QP2010 Ultra mass detector (electron ionisation, 70 eV) and equipped with a 30 m × 0.25 mm i.d. capillary column (0.25 µm film thickness) Teknokroma TRB-5 (95%) Dimetil-(5%) diphenylpolisiloxane. Working conditions were as follows: split ratio (20:1), injector temperature 300ºC, temperature of the transfer line connected to the mass spectrometer 250ºC, initial column temperature 70ºC, then heated to 290ºC at 6ºC min-1. Electron ionization mass spectra and retention data were used to assess the identity of compounds by comparing them with those of standards or found in the Wiley 229 Mass Spectral Database. Further, the retention times/indices of authentic compounds standards/marker constituents of known essential oils were also used to confirm the identities of the constituents. The relative amounts of individual components were calculated based on the GC peak area (FID response) without using a correction factor.
Trypanocidal in vitro activity:
Trypanocidal activity was assayed on epimastigote forms of T. cruzi Y strain, cultured in LIT medium supplemented with 10% heat-inactivated foetal calf serum. Ninety microliters of a culture in logarithmic growth phase were placed in each well of microtiter flat-bottom plates. EOs, compounds and mixtures of compounds were tested for 72 h at several concentrations: EOs at 800, 400, 200, 100, 10 and 1 µg/mL; pure compounds at 100, 50, 10, 5 and 1 µg/mL; mixtures of compounds at 100 (50 µg of each one), and 10 (5 µg of each one) µg/mL. Nifurtimox was used as the reference drug and parasite viability was analyzed by a modified MTT colorimetric assay method [32] . After 72 h, 10 μL MTT/PMS were added to each well. Incubate 75 min to occur the reduction of MTT and 100 μl sodium dodecyl sulfate (SDS) were added to dissolve formazan crystals obtained as a result of the reduction of MTT. Once the crystals have dissolved (15-30 min), the plate was read on a spectrophotometer at 630 nm. The activity was calculated as percentage growth inhibition (%GI) as follows: %GI = 100 -[(At -Ab)/(Ac -Ab)] x 100, where At being the absorbance of treated wells, Ac the absorbance of control wells (not treated) and Ab the absorbance of blank wells (culture medium and vehicle only). All assays were carried out in triplicate and were repeated at least three times independently to confirm the results.
Cytotoxicity assay: LC5 cell line was used for these assays. Cells grown in RPMI at 37°C under humidified atmospheric conditions of 5% CO 2 /95% air were seeded in 96-well flat-bottom microplates with 100 μL medium per well (initial densities of 10 5 cells per well) and incubated under the same conditions. After 24 h, the medium was removed and added fresh medium containing the compounds. Cells were exposed for 48 h to several concentrations of compound (100, 10, and 1 μg/mL). Cell viability was analyzed by the MTT colorimetric assay method [32] . After 48 h, 10 μL of a solution of 5 mg/mL MTT in PBS was added to each well. After 4 h, the supernatant was removed, and 100 μl DMSO were added to each well. The plate is read on a spectrophotometer at 630 nm. The activity is expressed as percentage of cytotoxicity as follows: % of cytotoxicity = 100 -[(At -Ab) / (Ac -Ab)] x 100, where At is the absorbance of treated wells, Ac is the absorbance of control wells (not treated), and Ab is the absorbance of blank wells (culture medium and vehicle only). All assays were carried out in triplicate.
